In most marine teleosts, an additional processing of YPs derived from Vg1 and Vg2 37 takes plaice during hormone-induced meiosis reinitiation or oocyte maturation (3, 7, 20, 38 33-35, 43, 54, 56). In species that produce highly hydrated, pelagic (floating) eggs, 39 named pelagophils, the second maturation-associated proteolysis of Lvs, Pvs and β'-Cs 40 is related to the production of cleavage peptides and free amino acids (FAAs) that 41 contribute to the colligative osmotic pressure required for oocyte hydration (10, 16, (34) (35) (36) (37) (38) (39) (40) (41) (42) 35, 43, 51, 53, 54). In other marine teleosts that spawn less hydrated, non-floating eggs, 43 named benthophils, such as the killifish (Fundulus heteroclitus), we have recently 44
shown that a different pattern of YP processing with respect to that of pelagophil 45 species occurs during oocyte maturation, resulting in a limited proteolysis of Vg1-46 derived Lv (29). In these species, only a small increase in FAAs is observed, and thus 47 the main osmotic effectors for oocyte hydration appear to be the accumulation of 48 inorganic cations, such as K + and Na + (8, 21, 57). 49
In both pelagophil and benthophil teleosts, however, the proteases involved in the 50 processing of YPs during oocyte maturation are not well known. Recent studies suggest 51 the role of the lysosomal cysteine proteinase cathepsin L (CatL) in the processing of Lv 52 during oocyte maturation in the pelagophil gilthead sea bream (Sparus aurata) (5). 53
Similarly, the activities of acid phosphatases and also of CatL have been implicated in 54 YP degradation in some fish embryos and larvae (26, 38, 51), and during atresia-55 associated yolk proteolysis in ovarian follicles (58). However, in other fish species, 56 including the killifish, as well as in some amphibians, insects and sea urchin, cathepsin 57 B (CatB)-like cysteine proteinases and serine proteases have been found or suggested as 58 the enzymes involved in the processing of yolk materials during oocyte maturation and 59 early embryogenesis (6, 9, 23, 27, 32, 36). The causes for these divergent enzymatic 60 mechanisms among teleosts, specially for YP processing during oocyte maturation, 61 remain intriguing. 62
Cumulative evidence indicates that pH may be the key regulator of YP degradation 63 during embryogenesis in both invertebrates and lower vertebrates. In insects, the major 64 acid proteases are stored in the yolk bodies as a latent, acid-activable proenzymes (9, 65 13, 39, 60). These yolk bodies are initially neutral, but they become acidic during 66 development, causing maturation and/or activation of CatL (in the tick) or CatB (in 67 mosquito and silk moth) proenzymes and yolk degradation. Acidification of yolk 68 platelets and its relationship with the onset of yolk proteolysis has also been reported in 69
Xenopus laevis (14, 15) and sea urchin (32, 62), where in the latter the activity of a 70
CatB-like enzyme is regulated by changes in pH. 
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Enzyme activity of CatL and CatB. The enzyme activity of CatL and CatB were 113 determined in ovarian follicles undergoing oocyte maturation in vitro in the presence or absence 114 of 100 nM BA 1 , using Z-Arg-Arg-7-amino-4-methylcoumarin (AMC) and Z-Phe-Arg-AMC as 115 substrates for CatB and CatL, respectively, as described (29).
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Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of yolk proteins.
117
The effect on H + -ATPase inhibitors on steroid-induced yolk proteolysis was determined on 118 samples from 10-15 ovarian follicles incubated with 17,20βP in the presence of BA 1 or ConA.
119
Follicles were placed in 1.5-ml Eppendorf tubes containing 100 µl of 1xLaemmli sample buffer 120 (28) and immediately homogenized and heated for 5-10 min at 97ºC. (Fig. 1, A 
, B, D and E). 218
However, CatF (Fig. 1, E) apparently showed higher level of immunoreactivity at the 219 yolk mass when compared with CatL and CatB (Fig. 1, A, B, and D) . Interestingly, 220
CatF immunoreaction, but not CatL or CatB, was also found within nascent cortical 221 alveoli in cortical alveoli-stage oocytes (Fig. 1, F, arrowheads) , which are 222 previtellogenic and do not contain yolk (48), thus suggesting that this protease may be 223 involved in the processing of the alveoli content in addition to yolk processing. 224
To observe possible changes in the subcellular localization of CatL, CatB and CatF 225 during oocyte maturation, immunofluorescence was performed on manually isolated 226 11 follicle-enclosed oocytes undergoing maturation in vitro in response to the naturally-227 occurring MIS, 17,20βP (Fig. 2) . When maturation was induced, immunoreactions for 228 both CatL and CatB in yolk globules were greatly reduced, while a strong signal, 229 specially for CatB, was found at the edges of the central yolk mass (Fig. 2, A, B, D and 230 E). By contrast, CatF staining surrounding yolk inclusions and yolk mass (Fig. 2, C ) 231 completely disappeared (Fig. 2, F) . 232
Cytoplasmic acidification and yolk proteolysis during oocyte maturation. The 233 macrolide antibiotics BA 1 and ConA were employed to study the physiological role of 234 V-ATPase during acidification and yolk proteolysis in killifish oocytes. However, 235 before testing the effect of these compounds on yolk processing, we first evaluated their 236 effect on oocyte maturation in vitro. Fully-grown follicle-enclosed oocytes were 237 incubated with 0.1 µg/ml 17,20βP in the presence or absence of BA 1 and ConA (1-100 238 nM) (Fig. 3) . Oocytes in prematuration follicles incubated with 17,20βP with or 239 without increasing doses of BA 1 underwent similar levels of GVBD (Fig. 3, A) . 240
However, 17,20βP-induced oocyte maturation in the presence of ConA appeared to be 241 inhibited in an approximately dose-dependent manner, the inhibition being statistically 242 significant (P < 0.05) at 100 nM ConA (Fig. 3, B) . Since our objective was to 243 investigate the effect of the inhibitors on oocyte maturation-associated yolk proteolysis, 244 further experiments were carried out using BA 1 , which seems not to affect the 245 maturation mechanism in killifish oocytes. 246
The effect of BA 1 on normal acidification of killifish oocytes before and during 247 maturation was investigated by using the cell-permeable probe for acidic organelles 248 DAMP in conjunction with anti-DNP antibodies (Fig. 4) . According to what was 249 previously observed, cytoplasmic acidification revealed by DAMP immunolocalization12 was already detected in prematuration oocytes and in oocytes undergoing maturation in 251 vitro in response to 17,20βP (Fig. 4, A and B) . However, no positive signals for DAMP 252 were detected in fully mature oocytes (Fig. 4, C) , suggesting a further increase in pH of 253 the cytoplasm and yolk structures after meiosis resumption prior to ovulation. Notably, 254 acidic compartments in vitellogenic and maturing oocytes were detected in the 255 cytoplasm, but also surrounding the yolk globules and at the edges of the central yolk 256 mass (Fig. 4, A and A inset) , thus at the same regions where CatL, CatB and CatF were 257 immunolocalized. However, treatment with BA 1 during steroid-induced maturation 258 strongly reduced the acidification of the oocyte cytoplasm and yolk globules, in both 259 prematuration and maturing oocytes (Fig. 4, D and E) , indicating the role of a vacuolar-260 type proton ATPase in the acidification mechanism of killifish oocytes. 261
Electron microscopy was employed to document potential ultrastructural alterations 262 in yolk globules during maturation in the presence of BA 1 (Fig. 5) . Prematuration 263 oocytes showed the typical dissociation and fusion of non-crystalline, electron dense 264 yolk globules into a central mass of fluid yolk (Fig. 5, A-C) . These processes appeared 265 to be accelerated in response to the MIS, concomitant with an enhanced proteolysis of 266 YPs (29), and finally, a single central mass of yolk filled with liquid and transparent 267 material was formed in fully mature, not ovulated oocytes, which filled most of the 268 oocyte cytoplasm (Fig. 4, D and E) . However, the ultrastructural changes of yolk 269 globules during steroid-induced maturation appeared disturbed by the presence of BA 1 , 270 since in these oocytes the yolk globules partially disassembled and were not completely 271 fused into the central yolk mass (Fig. 5, F-H) . 272
To correlate the BA 1 -induced structural alterations of yolk globules during oocyte 273 maturation with yolk proteolysis, the changes in major YPs were characterized by SDS-274 13 PAGE and staining with Coomassie blue (Fig. 6) . In absence of BA 1 , the 122-kDa and 275 45-kDa bands visible in immature follicles, which correspond to Lv heavy chain (LvH 276 (Fig. 6, lanes 2 and 3) . However, the presence of BA 1 inhibited in a dose-279 response manner the typical processing of LvH 122 and LvL 45 during maturation, 280 maximum inhibition being at 100 nM BA 1 (Fig. 6, lanes 4-6) . Thus, oocyte maturation 281 in the presence of BA 1 appears to have occurred without yolk globule acidification and 282 YP proteolysis, both of which normally accompany maturation both in vitro and in vivo. 283
CatL and CatB proenzyme activation and enzyme activity. To ascertain whether the 284 inhibitory effect of BA 1 on yolk proteolysis was mediated by an alteration of the 285 functional properties of CatL and/or CatB, the enzyme activities of these proteases, as 286 well as the activation of the corresponding proenzymes, were determined at 287 approximately 24h after MIS-induced oocyte maturation in vitro in the presence or 288 absence of 100 nM BA 1 (Fig. 7) . As reported earlier (29), CatL enzyme activity in 289 MIS-treated oocytes decreased markedly (P < 0.05) as maturation progressed, while in 290 control, ethanol-treated follicles its activity remained approximately constant during the 291 same culture period (Fig. 7, A) . The presence of BA 1 did not have a significant effect 292 on CatL activity, although in control follicles exposed to BA 1 the activity was slightly 293 lower than in those not treated with BA 1 . In contrast, the enzyme activity of CatB in 294 both control and MIS-treated follicles increased after 24h, although this increase was 295 significantly higher (P < 0.05) in follicles undergoing GVBD (Fig. 7, B) . In both cases, 296 treatment with BA 1 significantly (P < 0.01) inhibited CatB activity. 297
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The effect of BA 1 on the activation of CatL and CatB proenzymes was then 298 investigated by immunoprecipitation followed by immunoblotting (Fig. 7, insets) . corresponding to the proenzyme and enzyme, respectively. In this case, an increase in 313 the relative amount of CatB enzyme with respect to the proenzyme was detected in 314 control follicles after 24h of culture (Fig. 7, B inset, lanes 1 and 2) , which agreed with 315 the elevated activity of the enzyme in these follicles. Such activation of the CatB 316 proenzyme in control follicles was not affected by BA 1 (Fig. 7, B inset, lane 3) , 317 although the enzyme activity of CatB was significantly reduced (Fig. 7, B) . Follicles 318 treated with the MIS showed a higher increase of the relative amount of CatB enzyme 319 (Fig. 7, B inset, lane 4) , according with the higher activity of the enzyme, and this 320 steroid-induced activation of the proenzyme was apparently impaired by BA 1 (Fig. 7, B  321 
inset, lane 5). 322
Relationship between yolk proteolysis and oocyte hydration. Follicles treated with 323 17,20βP in the presence of BA 1 showed several macroscopic alterations after the 324 completion of the maturation process with respect to those incubated with 17,20βP 325 alone (Fig. 8) . In BA 1 -treated mature follicles, the oocyte cytoplasm appeared slightly 326 more opaque with a higher number and smaller lipid droplets than in 17,20βP-treated 327 follicles without BA 1 (Fig. 8, A) . Most noticeable, however, was that the final volume 328 of oocytes progressively decreased with increasing BA 1 concentration in the culture 329 medium (Fig. 8, B) , suggesting that oocytes undergoing maturation in the presence of 330 BA 1 hydrated to a lesser extend that those incubated with 17,20βP alone. To confirm 331 that BA 1 prevented steroid-induced oocyte hydration, the water content of immature 332 follicle-enclosed oocytes, and of in vitro 17,20βP-matured oocytes with or without 100 333 nM BA 1 , was determined gravimetrically. As shown in Table 1 , the treatment of 334 oocytes undergoing maturation with BA 1 reduced the uptake of water, which indicated 335 that inhibition of yolk proteolysis effectively inhibited the hydration of the oocyte. 336
To explore the possible mechanisms by which BA 1 might affect the hydration 337 process, the oocyte content in K + , the main osmotic effector for the hydration of killifish 338 oocytes (21, 57), was determined in MIS-stimulated ovarian follicles in the presence of 339 increasing doses of BA 1 (Fig. 9) . These experiments showed that MIS stimulation 340 shell material into the naked ovum (41). Interestingly, CatF was not longer detected in 367 yolk organelles of the oocyte during meiosis resumption (Fig. 2) , unlike CatL and CatB 368 that remain at the edges of the central yolk mass at this stage. These data may imply 369 that CatF is involved during protease activation and/or yolk proteolysis specifically 370 during vitellogenesis. The accumulation of CatF mRNA in killifish ovarian follicles 371 that occurs during oocyte maturation both in vivo and in vitro (12), is thus possibly 372 related to the requirement of CatF maternal transcripts during early embryogenesis 373 rather than for the specific processing of YPs during oocyte maturation. 374
The role of acidification of yolk bodies for the activation of yolk processing at the 375 onset of embryonic development has been documented for both invertebrates and lower 376
vertebrates (e.g., 15, 32, 39, 62). In pelagophil teleosts, recent findings suggest that a 377 similar pH-regulated mechanism controls the processing of YPs during oocyte 378 maturation. In one of these species, such as the black sea bass, we reported that BA 1 induced oocyte maturation correlated with an increased CatB enzyme activity (Fig. 7,  396 B). In contrast, CatL activity dramatically decreased as maturation proceeded (Fig. 7,  397 A; Ref. 29), which apparently was not caused by a reduction in the amount of enzyme 398 available (as observed both biochemically and immunollogically), but most likely by an 399 inactivation mechanism. Such inhibitory process may require the action of specific 400 cysteine protease inhibitors (e.g. 1, 59, 61), since both ovarian CatL and CatB seem to 401 have similar pH for optimum activity (5, 64), and thus inhibition of CatL by MIS-402 induced changes in pH during maturation seems unlikely. However, conclusive 403 evidences to rule out a pH-mediated mechanism for CatL inactivation during killifish 404 oocyte maturation need further investigation by using purified native CatL and CatB 405 enzymes from oocytes. 406
The increase of CatB enzyme activity in both control and MIS-treated killifish 407 ovarian follicles was sensitive to a BA 1 -induced increase in internal pH, which is 408 consistent with the acidic pH optimum (~ 5.5) reported for X. laevis embryonic CatB 409 (64). The enhanced enzyme activity of CatB in immature and maturing follicles could 410 be explained by the activation of the proenzyme over culture time, which in MIS-411 induced follicles was more marked and most of the proenzyme appeared to be processed 412 into potentially active enzyme (Fig. 7, B inset) . The MIS-stimulated processing of 413 proCatB was pH dependant, since the presence of BA 1 partially prevented the 414 maturation of the proenzyme. The nature of this process is still unclear, although 415 autocatalytic cleavage of proCatB under acidic conditions, as it has been reported for 416 mammalian CatB (31, 46), may be a potential mechanism involved. However, Cats are 417 normally delivered to lysosomes as proenzymes (22), and since BA 1 has been found to 418 suppress indirectly the fusion of lysosomes into target vacuoles (42), an inhibition of the 419 delivery of proCatB to yolk globules during MIS-stimulated oocyte maturation is 420 another potential mechanism that may be involved. In addition, we found that immature 421 oocytes not exposed to the MIS showed partial maturation of proCatB, which may 422 suggest the existence of an additional mechanism for CatB activation not sensitive to 423 BA 1 , and thus MIS-and pH-independent. Therefore, it is apparent that the mechanisms 424 by which CatB becomes activated in killifish oocytes are complex and remain to be 425
elucidated. 426
The proteolysis of YPs during oocyte maturation in pelagophil teleosts generates 427 the source of FAAs in the oocyte necessary for water uptake, which renders the eggs 428 
